Stabilization of peptide-based vesicles via in situ oxygen-mediated cross-linking by Sulistio, A et al.
?Thank
?
??????
???????
??????
?
?
Citatio
See th
Version
Copyri
Link to
??
?
you for do
??????????
??????????
??????????
n: 
is record i
:
ght Statem
 Published
?
wnloading
??????????
?????????????
??????????????????????????????????????????
n the RMI
ent: ©  
 Version:
 this docum
????????????
??????????
T Researc
ent from 
??????????
?
h Reposit
the RMIT R
??????????
ory at:  
esearch R
??????????
epository
??????????
????
??
PLEASE DO NOT REMOVE THIS PAGE
Sulistio, A, Blencowe, A, Wang, J, Bryant, G, Zhang, X and Qiao, G 2012, 'Stabilization of
peptide-based vesicles via in situ oxygen-mediated cross-linking ', Macromolecular
Bioscience , vol. 12, no. 9, pp. 1220-1231.
http://researchbank.rmit.edu.au/view/rmit:17873
Accepted Manuscript
2012 WILEY-VCH Verlag
http://dx.doi.org/10.1002/mabi.201200048
 
1 
Stabilization of Peptide-Based Vesicles via In Situ 
Oxygen-Mediated Cross-linking  
Adrian Sulistio,† Anton Blencowe,† Jiapei Wang,† Gary Bryant,§ Xiaoqing  Zhang,‡ Greg G. Qiao†,* 
† Department of Chemical and Biomolecular Engineering, University of Melbourne, Parkville 3010, 
Australia 
§ School of Applied Sciences, RMIT University, GPO Box 2476 Melbourne 3001, Australia 
‡ CSIRO Material Science and Engineering, Private Bag 33, Clayton South MDC 3169, VIC, Australia. 
* E-mail: gregghq@unimelb.edu.au 
RECEIVED DATE  
ABSTRACT: The poly(L-glutamic acid)65-b-poly((L-lysine)-r-(L-3,4-dihydroxyphenylalanine))75 
(PLGA65-b-P(LL-r-DOPA)75) block copolymer was shown to adopt different self-assembly 
configurations depending on the pH of the surrounding environment. At pH 3 atomic force microscopy 
(AFM) and transmission electron microscopy (TEM) images revealed that the block copolymers self-
assembled to adopt ellipsoidal morphologies, with dynamic light scattering (DLS) analysis provided a 
hydrodynamic diameter (dH) of ca. 200 nm. When the self-assembly was performed at pH 12, both TEM 
and AFM images revealed spherical aggregates and the z-profile AFM analysis of these aggregates 
indicated hollow vesicle formation, with a dH of ca. 540 nm as calculated from DLS. At basic pH the 
P(LL-r-DOPA) block formed the internal layer of the vesicle shell and the subsequent oxygen-mediated 
oxidation of the phenolic groups of the DOPA repeat units led to the formation of quinonic 
intermediates, which underwent intermolecular dimerization and in turn stabilized the vesicles via in 
situ cross-linking. As a consequence of the cross-linking, the dH of the vesicles was reduced to ca. 480 
nm and they were was able to maintain their shape even when the pH was reversed back to 3, with AFM 
and TEM showing spherical morphologies rather than ellipsoidal structures. The DLS analysis of this 
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cross-linked vesicle at pH 3 revealed dH of ca. 190 nm. This was also confirmed by static light scattering 
(SLS) analysis, which revealed that the cross-linked vesicles retained their shape regardless of the 
surrounding pH.   
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INTRODUCTION 
Polymeric micelles (and vesicles) represent a class of nanoparticles that are formed by self-assembly 
of block copolymers in selective solvents, where the non-soluble component self-assembles to form the 
core of the micelle and the soluble component forms the solvated shell.1 Due to their core-shell 
structure, micelles have the ability to encapsulate water-insoluble drugs, increasing their stability and 
providing protection from the surrounding environment.2-6 The prolonged circulation of the nanoparticle 
encapsulated drugs allows passive targeting of tumors and inflamed areas through enhanced 
permeability and retention (EPR) effects.7,8 Specific sites in the body may also be actively targeted 
through modification of the surface functionalities of the nanoparticle,9,10 and formation of bonds within 
the nanoparticle which may be cleaved only in the presence of specific enzymes.11  
In comparison to low molecular weight surfactants, polymeric micelles are more stable as they exhibit 
significantly lower critical micelle concentrations (CMCs) by up to several orders of magnitude (ca. 10-6 
to 10-7 M for polymeric micelles12-14 cf. ca.10-3 to 10-4 M for surfactants15). Nevertheless, micelles are 
always in dynamic equilibrium with the free single polymer chains (also unknown as unimers), 
continuously breaking and reforming, and dilution of polymeric micelles shifts the equilibrium towards 
the unimer state, which ultimately causes dissociation of the micelle.1,16,17 This can result in the sudden 
release of a payload, which could potentially lead to toxicity issues due to large variations of drug 
concentration. Therefore, improving the stability of micelles has been of great interest. In 1996, 
Wooley’s group first reported the stabilization of micelles via a shell cross-linking approach.18 Since 
then, many different groups have followed suit and three recent reviews by Wooley,19 Armes,20 and van 
Nostrum1 provide a comprehensive reference source of micelle stabilization methods via shell and core 
cross-linking.  
Lecommandoux et al. synthesized a poly(L-glutamic acid)15-b-poly(L-lysine)15 (PLGA15-b-PLL15) 
block copolymer which formed responsive micelles that adopted different configurations depending on 
the pH of the surrounding environment.21 At pH 3 the PLL block adopted a random coil configuration 
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due to the protonation of the pendent amine groups and therefore, formed the solvated shell of the 
micelle, whereas the PLGA block adopted an α-helix conformation (resulting from neutralisation of the 
pendent carboxylic acid groups) that reduced its solubility in water and thus formed the core of the 
micelle (PLLshellPLGAcore). Conversely, when the micelle was formed at pH 12, the PLGA block became 
the shell of the micelle and the PLL block the core as the pendent carboxylic acid groups were 
deprotonated and the pendent amine groups were neutralized (PLGAshellPLLcore). 
In a separate study, Deming et al. demonstrated that the incorporation of a L-3,4-
dihydroxyphenylalanine (DOPA) amino acid sequence (up to 100 %) into a PLL-b-P(DOPA-r-leucine) 
block copolymer led to the formation of cross-linked vesicles upon oxidation with sodium periodate 
(NaIO4). This results from the DOPA’s dihydroxyphenolic groups ability to form quinone intermediates 
upon oxidation, which can undergo dimerization and hence cross-link the vesicle.22 The cross-linking of 
proteins or peptides by phenolic compounds has been widely reported in the food processing industry,23-
25 whereas studies on DOPA cross-linking are particularly prominent in the area of adhesive proteins of 
marine mussels26,27 and insects cuticle sclerotization.28  
Inspired by the studies of Leccomandoux21 and Deming,22 the formation of pH sensitive reversible 
cross-linked vesicles composed entirely from amino acid building blocks was investigated via the 
formation of block copolymers having acidic groups on one block and basic groups on the other. To 
avoid the use of additional cross-linkers and strong oxidizing agents, such as sodium periodate (NaIO4), 
DOPA monomers were incorporated into the basic block copolymers which could then cross-link the 
vesicle in situ using oxygen as the oxidizing agent at basic pH. This provides a facile and novel 
approach to synthesize cross-linked reversible vesicles composed entirely from amino acid building 
blocks under very mild conditions.  
In this study, a poly(L-glutamic acid)65-b-poly(L-lysine-r-DOPA)75 (PLGA65-b-P(LL-r-DOPA)75) 
block copolymer (containing ca. 10 % DOPA repeat units) was synthesised via ring opening 
polymerisation (ROP) of amino acid N-carboxyanhydride (NCA) derivatives using 
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hexamethyldisilazane (HMDS) as the initiator (Scheme 1),29,30 followed by acid mediated deprotection. 
The block copolymer was found to adopt different configurations depending on the solution pH. Cross-
linking of the DOPA groups was conducted at pH 12 using oxygen as the oxidizing agent, where the 
random P(LL-r-DOPA) block formed the internal layer of the vesicle shell and the PLGA block the 
outer shell. The self-assembly process and resulting cross-linked vesicle were analysed via 1H NMR 
spectroscopy, DLS, SLS, TEM, Cryo-TEM and AFM. 
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EXPERIMENTAL SECTION 
Materials. Z-Lys(Z)-OH (Sigma-Aldrich), H-Glu(OBn)-H (Sigma-Aldrich), 3,4-dihydroxyl-L-
phenylalanine (Sigma-Aldrich), phosphorous pentachloride (PCl5) (> 99 %, Merck) and triphosgene (> 
99 %, Sigma-Aldrich) were used as received. Hexamethyldisilizane (HMDS) (99.9 %, Sigma-Aldrich) 
was used as the initiator for polypeptide synthesis. 1,4-Dioxane (Fluka), diethyl ether (Chem-Supply), 
tetrahydrofuran (THF) (99.9 %, Scharlau), N,N-dimethylformamide (DMF) (anhyd., Sigma-Aldrich), 
trifluoroacetic acid (TFA) (98%, Sigma-Aldrich) and 33 % hydrogen bromide (HBr) in acetic acid 
(Sigma-Aldrich) were used as received. Hydrochloric acid (37 %, Scharlau) and sodium hydroxide (97 
% Chem-Supply) were used to adjust the pH of solutions, while lithium bromide (99 %, Aldrich) was 
used to prepare the GPC mobile phase. Dioxygen (O2) (high purity, BOC Gases) was used as an 
oxidising agent. Dialysis was conducted using regenerated cellulose dialysis tubing with a MWCO of 
8000 Da (Spectrum Laboratories). Acetonitrile (HPLC grade, B&J) was stored over 3 Å molecular 
sieves. THF (99 %, Lab Scan) was distilled from sodium benzophenone ketal. 
Characterization. GPC analysis was performed on a Shimadzu liquid chromatography system fitted 
with a Wyatt DAWN HELEOS LS detector (λ = 658 nm), a Shimadzu RID-10 refractometer (λ = 633 
nm) and a Shimadzu SPD-20A UV-Vis detector, using three identical PLgel columns (5 µm, MIXED-
C) in series and HPLC grade DMF with 0.05 M LiBr (70oC, 1 mL/min) as the mobile phase. Astra 
software (Wyatt Technology Corp.) was used to determine the molecular weight characteristics from 
injected mass and assuming 100 % mass recovery. 1H NMR spectroscopy was performed using a Varian 
Unity400 (400 MHz) spectrometer with the deuterated solvent or 3-(trimethylsilyl)propionic-2,2,3,3-d4 
sodium salt as reference and a sample concentration of ca. 20 mg/mL. DLS measurements were 
performed on a Malvern high performance particle sizer (HPPS) with a He-Ne laser (633 nm) at an 
angle of 173° and on a Zetasizer Nano S with He-Ne laser (633 nm) at dual angle of 12.8o and 173o. The 
DLS measurements on both machines were conducted at a temperature of 25 ± 0.1 °C – initial sample 
concentrations of 10 mg/mL were used, then serial dilutions were performed until stable spectra were 
 
7 
obtained. All sample solutions were filtered using 0.45 µm filters. SLS measurements were performed 
on an ALV-5022F Light Scattering Spectrometer with samples in cylindrical cuvettes of 8 mm path 
length and sample concentrations of 1 mg/mL. The dwell time at each angle in the range 20° < θ < 120° 
was 180 s. TEM was conducted on Tecnai TF20 EDAX using carbon-coated grids stained with uranyl 
acetate (5.0 wt % in DMF or DMSO). AFM was performed on Nanowizard 3 BioScience AFM using 
tapping mode and MikroMasch ultrasharp cantilever (NSC15/AIBS) having Rc < 10 nm; glass-slides 
coated with PEI were used as the substrate. 
 
Methods. 
Synthesis of Lysine NCA (Lys NCA). Z-Lys(Z)-OH (2.00 g, 4.83 mmol) was dissolved in 2:3 
dioxane:diethyl ether (dried over 3Ǻ MS) (10 mL) in a round bottomed flask under argon and cooled to 
0 °C. PCl5 (1.20 g, 5.79 mmol) was added and after 1 h the solvent was removed in vacuo and the 
residue was azeotroped with acetonitrile (3 × 20 mL). The resulting residue was recrystallised from 1:1 
ethyl acetate:hexane (2 ×50 mL) and dried in vacuo to afford Lys NCA, 2.05 g (81 %). 1H NMR (400 
MHz, d6-DMSO) δH 1.22-1.45 (m, 4H, 2 CH2), 1.60-1.77 (m, 4H, 2 CH2), 2.98 (q, 2H, J = 6.0 Hz, 
CH2N), 4.42 (t, 1H, J = 6.0 Hz, CHN), 5.00 (s, 2H, CH2O), 7.25-7.38 (m, 5H, 5 ArH), 9.10 (br s, 2H, 2 
NH) ppm; 13C NMR (100 MHz, d6-DMSO) δC 21.5 (CH2), 28.7 (CH2), 30.6 (CH2), 56.9 (CHN), 65.0 
(CH2N), 127.6 (3 ArCH), 128.2 (2 ArCH), 137.1 (ArCC), 151.8 (NHCO2), 156.0 (NHCO2), 171.5 
(CHCO2) ppm.  
Synthesis of Benzylglutamate NCA (Glu NCA). H-Glu(OBn)-H (2.00 g, 8.42 mmol) and 
triphosgene (1.00 g, 3.37 mmol) were dissolved in anhydrous THF (50 mL) under argon and heated at 
60 °C for 1 h with constant stirring. The resulting residue was recrystallised from 1:1 ethyl 
acetate:hexane (2× 50 mL) times and dried in vacuo to afford Glu NCA, 1.73 g (78 %). 1H NMR (400 
MHz, d6-DMSO) δH 1.87-2.10 (m, 2H, CH2), 2.52 (t, 2H, J = 7.6 Hz, CH2), 4.45 (dd, 1H, J = 5.6 & 8.0 
Hz, CHN), 5.10 (s, 2H, CH2O), 7.31-7.40 (m, 5H, ArH), 9.09 (s, 1H, NH) ppm; 13C NMR (100 MHz, 
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d6-DMSO) δC 26.3 (CH2), 29.0 (CH2), 56.1 (CHN), 65.6 (CH2), 127.9 (3 ArCH), 128.4 (2 ArCH), 135.9 
(ArCC), 151.8 (NHCO2), 171.2 (CHCO2), 171.6 (CH2CO2) ppm. 
Synthesis of dihydroxphenyl-alanine NCA (DOPA-NCA). L-DOPA (200 mg, 1.01 mmol) and 
triphosgene (200 mg, 0.67 mmol) were dissolved in anhydrous THF (50 mL) under argon and heated at 
60°C for 1 h with constant stirring.  The reaction mixture was concentrated in vacuo to yield DOPA-
NCA as viscous yellow oil, 0.187 g (74 %). The DOPA NCAs were synthesized prior and used 
immediately for each experiment. 1H NMR (400 MHz, d6-DMSO) δH 2.83 (dd, 2H, J = 2.0 & 4.8 Hz, 
CH2), 4.67 (t, 1H, J = 5.0 Hz, CHN), 6.40 (dd, 1H, J = 2.0 & 8.0 Hz, ArH), 6.55 (d, 1H, J = 2.1 Hz, 
ArH), 6.63 (d, 1H, J = 8.0 Hz, ArH), 8.81 (d, 2H, J = 4.7 Hz, COH), 9.00 (s, 1H, CNH) ppm; 13C NMR 
(100 MHz, d6-DMSO) δC 35.7 (CH2), 58.5 (CHN), 115.5 (ArCCO), 117.1 (ArCCO), 120.5 (ArCH), 
125.2 (ArCC), 144.4 (ArCOH), 145.0 (ArCOH), 151.7 (NCO), 171.0 (OCO) ppm.  
Synthesis of Poly(benzyl-L-glutamate) (PBLG). Glu NCA (0.50 g, 1.90 mmol) was dissolved in 
anhydrous DMF (5.0 mL) under argon and HMDS was added (6.09 µL, 0.029 mmol, M/I = 65). After 
17 h at room temperature an aliquot was removed for GPC analysis (PBLG: Mw = 14.3 kDa, PDI = 1.03) 
and the reaction solution was used immediately to prepare the block copolymer without isolation.  
Synthesis of Poly(Benzyl-L-glutamate)65-b-poly(Cbz-lysine-r-DOPA)75 (PBLG65-b-P(ZLL-r-
DOPA)75). To the previously prepared PBLG was added Lys NCA (0.60 g, 1.96 mmol) and DOPA-
NCA (0.05 g, 0.22 mmol) ((PZLL-r-DOPA)/PBLG = 1.15) dissolved in anhydrous DMF (6.5 mL). 
After 24 h under argon at room temperature the solution was concentrated in vacuo to ca. 2 mL and then 
precipitated into diethyl ether (50 mL) to afford PBLG65-b-P(ZLL-r-DOPA)75 as a white solid, 0.66 g 
(68 %). GPC-MALLS: Mw = 33.2 kDa, PDI = 1.06. 
Deprotection of Block Copolymer to Yield Poly(L-glutamic acid)-b-Poly(L-lysine-r-DOPA) 
(PLGA-b-P(LL-r-DOPA)). The PBLG65-b-P(ZLL-r-DOPA)75 block copolymer (0.50 g, 15.0 µmol) 
was dissolved in TFA (3.0 mL) and 33 % HBr acid in acetic acid (10 mL) was added. Upon removal of 
the protecting groups the PLGA-b-P(LL-r-DOPA) copolymer precipitated from solution. The mixture 
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was stirred at room temperature for 2 h to ensure complete removal of the protecting groups and then 
the solid was isolated via centrifugation, washed with diethyl ether (5 × 100 mL) and dried in vacuo to 
afford the copolymer as a white solid, 0.35 g (62 %).  
 Self-Assembly of PLGA-b-P(LL-r-DOPA). The self-assembly of block copolymers was studied by 
dissolving PLGA65-b-P(LL-r-DOPA)75 in Milli Q water at pH 3 or 12 (10 mg/mL). To ensure uniform 
self-assembly of the block copolymers at both pH values, the solutions were dialysized for 2 h against 
the respective pH solution. 1H NMR spectroscopic analysis, DLS, SLS, TEM and AFM were used to 
analyse the structure and morphology of the self-assembled objects at both pH values.  
Stabilisation of Vesicles via In-Situ Cross-linking. Cross-linking was achieved by bubbling oxygen 
through a solution of PLGA65-b-P(LL-r-DOPA)75 dissolved in Milli Q water at pH 12 for 2 h. 1H NMR 
spectroscopic analysis, DLS, SLS, TEM and AFM were used to analyse the cross-linked vesicle 
structure and morphology.  
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RESULTS AND DISCUSSION 
Synthesis of PBLG65-b-P(ZLL-r-DOPA)75 Block Copolymer. The protected poly(Bn-L-glutamate)-
65-b-poly((Cbz-L-Lysine)-r-(carbonyldioxyphenylalanine))75 (PBLG65-b-P(ZLL-r-DOPA)75) block 
copolymer was synthesized via ROP of amino acid NCA derivatives in a one-pot system using HMDS 
as the initiator (Scheme 1).  
 
Scheme 1. Synthesis of poly(L-glutamic acid)65-b-poly(L-lysine-r-DOPA)75 (PLGA65-b-P(LL-r-
DOPA)75) block copolymer, where Bn and Cbz refer to benzyl and carboxybenzyloxy protecting groups, 
respectively.  
 
Initially, a poly(Bn-glutamate) (PBLG) homopolymer was prepared via ROP of Glu NCA and analysed 
by GPC (Figure 1A, PBLG) and 1H NMR spectroscopy (Figure 1B, PBLG), which provided  a Mw of 
14.3 kDa (PDI = 1.03) and confirmed the desired structure, respectively. Chain extension of the PBLG 
homopolymer was conducted in the same solution by addition of a 9:1 mole ratio of Lys NCA:DOPA 
NCA to form the second block, which contained 10 % DOPA randomly distributed along the chain. 
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Although the DOPA NCA has unprotected phenolic hydroxyl groups, they did not readily initiate ROP 
of the cyclic NCA as revealed by 1H NMR spectroscopy analysis of DOPA NCA in DMSO, which 
showed no change after 24 hours. Therefore, the chain extension reaction, which was completed within 
24 hours, is likely to solely result from the ROP of the amino acid NCAs by the living end-group of the 
PBLG. GPC analysis of the block copolymer PBLG65-b-P(ZLL-r-DOPA)75 (Figure 1A) revealed a shift 
in the refractive index (RI) trace to a lower elution time confirming the successful chain extension and 
provided a Mw of 33.2 kDa (PDI = 1.06). From the change in molecular weight it was determined that 
the random block constitutes 57 wt% of the total polymer chain. Formation of the block copolymer was 
also confirmed by 1H NMR spectroscopic analysis (Figure 1B), which displayed new resonances 
characteristic to both lysine and DOPA residues. 
 
 
Figure 1. (A) GPC refractive index (RI) traces and (B) 1H NMR spectra (DMSO-d6) of PBLG and 
PBLG65-b-P(ZLL-r-DOPA)75. 
From Figure 1B, resonances a (a’) and b (b’) are characteristic of the aromatic and methylene protons 
of the benzyl protecting groups, respectively. Resonances c and d correspond to the aliphatic side chains 
of the PBLG block, whereas resonances f, g, h and i correspond to the aliphatic side chains of the PZLL 
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block. Resonances e, e’ and e” correspond to the methine groups along the block copolymer backbone. 
Resonances k (inset) corresponds to the aromatic protons of the DOPA. The resonances at ca. δH 8.4 
ppm correspond to the backbone amide group protons and those at the chain end. Integration of 
resonances k and i provided a value of 17 % (cf. 10 % theoretical value) of DOPA randomly distributed 
along the PZLL-r-DOPA block. However, this value is likely to be overestimated as resonance k lies on 
the tail of resonance a (a’) (Figure 1B, inset).  
Self-Assembly of Poly(Glutamic Acid)65-b-Poly(Lysine-r-DOPA)75. After deprotection of the Bn, 
Cbz and carbonate groups through reaction with HBr, the resulting poly(glutamic acid)65-b-poly(lysine-
r-DOPA)75 (PLGA65-b-P(LL-r-DOPA)75) copolymer adopted different configurations at different pH 
values, even with 10 % substitution of DOPA on the polylysine block. The different self-assemblies 
were formed under basic (pH 12) or acidic (pH 3) conditions at a concentration of 10 mg/mL. At pH 3 
the PLGA adopted an α-helix configuration due to the neutralization of the pendent acid groups on 
PLGA, which reduced its solubility in water, whereas the pendent amine groups on the P(LL-r-DOPA) 
block became protonated, causing the PLL to adopt a random coil.21 This was confirmed by comparing 
the 1H NMR spectra of a PLL homopolymer and the block copolymers at pH 3 (Figures 2A and B, 
respectively). The resonances at δH 1.3, 1.6 and 2.9 ppm, which correspond to the aliphatic pendent 
methylene protons of the PLL homopolymer with random coil confirmation, as well as the backbone 
methine proton resonance at δH 4.3 ppm (Figure 2A) are identical to the 1H NMR spectrum of the block 
copolymer (Figure 2B), which confirms that the P(LL-r-DOPA) block assumed a random coil 
conformation. The resonances of the DOPA phenolic protons and adjacent methylene protons are visible 
on the 1H NMR spectrum at ca. δH 7.4 and 3.4 ppm, respectively (Figure 2B). On the other hand, the 
resonances attributed to the aliphatic chain and backbone of the PLGA block appear broader and with 
lower intensity, which implied a decrease in mobility due to semi-rigid structures, thus indicating the 
formation of an α-helix conformation.21  
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Figure 2. 1H NMR spectra of (A) polylysine (PLL) at pH 3, (B) PLGA-b-P(LL-r-DOPA) at pH 3, (C) 
PLGA-b-P(LL-r-DOPA) at pH 12 and (D) polyglutamic acid (PLGA) at pH 12; D2O was used as the 
solvent, containing 3-(trimethylsilyl)propionic-2,2,3,3-d4 sodium salt as an internal standard. 
 
At pH 12 the reverse configuration of each block is expected.21 The pendent amine groups of the 
P(LL-r-DOPA) block are neutralized and therefore, assume an α-helix conformation, which reduces 
their solubility in water.21 This is expected to result in their self-assembly via hydrophobic and hydrogen 
bonding interactions. The PLGA block on the other hand adopts a random coil conformation since the 
pendent acid groups are deprotonated at basic pH.21 To confirm this responsive behaviour the 1H NMR 
spectra of the PLGA-b-P(LL-r-DOPA) block copolymer and PLGA homopolymer at pH 12 were 
compared (Figures 2C and D, respectively) and it was found that all the proton resonances 
corresponding to the PLGA homopolymer adopting a random coil conformation at pH 1221 were very 
similar to those for the block copolymer. For example, the resonances at δH 2.0-2.2 and 4.3 ppm 
corresponding to the PLGA homopolymer aliphatic methylene protons and backbone methine protons, 
respectively (Figure 2D), are also clearly observed for the block copolymer at pH 12 (Figure 2C), 
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confirming that the PLGA block is highly solvated in solution due to the random coil conformation. In 
addition, the broadening of resonances corresponding to the PLL pendent aliphatic methylene (δH 1.4 
ppm) and backbone methine protons (δH 4.2 ppm) in the P(LL-r-DOPA) block implies that it adopts a 
more rigid structure, such as an α-helix conformation.21 The aromatic and methylene proton resonances 
corresponding to the DOPA were also reduced significantly, suggesting that the DOPA residues have 
been shielded, which leads to reduced mobility.31,32  
 
DLS analysis of the block copolymer self-assemblies at 25 oC revealed that at pH 3 the hydrodynamic 
diameter (dH) of the self-assembled objects was 201 nm, whereas at pH 12 the dH was 544 nm (Figures 
3A and B, respectively). The autocorrelation function for pH 12 shows slower decay times and noisier 
baseline compared to pH 3, which further confirmed the presence of large aggregates. 
 
 
Figure 3. DLS results showing the dH and the corresponding correlation functions of the self-assembly 
of the PLGA-b-P(LL-r-DOPA) at (A) pH 3 (dH = 201 nm) and (B) at pH 12 (dH = 544 nm).  
 
In order to observe the physical morphology of the resulting block copolymer self-assemblies at both 
pH values the solutions were analysed via TEM, AFM and Cryo-TEM. At pH 3 the TEM, AFM and 
 
15 
Cryo-TEM (Figures 4A-C, respectively) revealed ellipsoidal self-assemblies, and from Cryo-TEM in 
particular, these ellipsoidal assemblies seem to consist of fibrous structures stacked closely together. 
There are several factors that can influence the morphology of the block copolymer self-assemblies, 
such as the ratio of each polymeric block as well as the composition of the block itself.33 One possible 
mechanism that led to this arrangement is from the formation of an α-helix of the PLGA block at acidic 
pH, which can stack together to form rod-like aggregates having protonated P(LL-r-DOPA) shells as 
proposed by Deming.34 This might explain the individual strands that made up the fibrous network or 
aggregation (Figure 4D) observed from the Cryo-TEM image (Figure 4C). However, what drives the 
aggregation between these rod-like self-assemblies remains unclear and will be the subject of further 
studies.  
 
 
Figure 4. Microscopy of PLGA-b-P(LL-r-DOPA) at pH 3 without cross-linking. (A) TEM image and 
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(B) AFM image with z-profile analysis taken across the structure marked with the red line; showing a 
cross-sectional diameter of ca. 250 nm. The self-assembly solution was cast on a glass-slide coated with 
PEI and the AFM image was recorded in tapping mode. (C) Cryo-TEM image with fibrous structures 
highlighted in dotted circles. (D) The proposed fibrous self-assembly structure, showing α-helix PLGA 
block (brown) stacked together while the P(LL-r-DOPA) block (green and red) forms the shell.  
From the TEM images the size of these ellipsoidal self-assembly objects was estimated to be ca. 100 
(W) × 280 (L) nm, whereas AFM images provided values of 250 (W) × 390 (L) nm. DLS gave a value 
of dH = 201 nm for the equivalent spherical hydrodynamic radius. Using the dimensions determined by 
TEM gives an axial ratio of ~0.36. An expression relating the measured hydrodynamic radius to the 
axial ratio of a prolate ellipsoid is known.35 Using this expression and the dH value measured yields a 
long axis of 340 nm, about midway between the TEM and AFM results. These results are therefore in 
reasonable agreement given the approximations.  
In comparison, TEM (Figure 5A) and AFM (Figure 5B and C) of the aggregates formed at pH 12 
revealed spherical objects. From the TEM images the diameter of the aggregates was determined to 
range from 150 to 180 nm, whilst AFM images provided an average diameter of 280 nm; both of which 
are significantly lower than the solution state DLS measurements (dH = 544 nm). Such differences are 
commonly observed for vesicles, where the structure shrinks and collapses onto the substrate in the 
dried state resulting in a markedly smaller size compared to their solvated size.21,36,37 The formation of 
vesicles is further supported by the 3D AFM image, which shows partial collapse as a result of the 
hollow morphology (Figure 5C). Figure 5D illustrates the proposed block copolymer vesicle 
configuration. 
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Figure 5. Microscopy of PLGA-b-P(LL-r-DOPA) at pH 12 without cross-linking. (A) TEM image and 
(B) AFM image with z-profile analysis taken across the structure marked with the red line; showing a 
cross-sectional diameter of 260 nm. (C) 3D AFM image of structure with z-profile analysis. The self-
assembly solutions were cast on glass-slides coated with PEI and the AFM images were recorded in 
tapping mode. (D) The proposed self-assembly showing a vesicle structure with PLGA (brown) shells 
and P(LL-r-DOPA) (green and red) internal layer of the vesicle shell.  
Vesicle Stabilization via In situ Cross-linking. The stabilization of vesicles via in situ cross-linking 
was conducted at pH 12 using oxygen as the oxidizing agent when the P(LL-r-DOPA) block self-
assembled to form the inner layer of the vesicle wall (Figure 5D). Within the inner layer of the shell, the 
DOPA residues will be densely packed especially since the packing of these α-helical segments favours 
intermeshing of side-chain functionality among many different chains, which should aid efficient cross-
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linking of the hydrophobic segments.22 Under these condition the phenolic groups of the DOPA units 
will be oxidized to form DOPA-quinone intermediates that can undergo dimerization with other DOPA 
moieties or undergo nucleophilic attack by the pendent amines of lysine residues,23,24 resulting in the 
cross-linking of the inner layer of the vesicles’ shell (Scheme 2).22  
 
Scheme 2. The cross-linking of DOPA at pH 12 using oxygen as the oxidizing agent via quinonic 
intermediate.  
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Comparison of the 1H NMR spectra of the PLGA-b-P(LL-r-DOPA) block copolymer self-assemblies 
before and after cross-linking at pH 12 (Figure 6A and B, respectively) revealed negligible differences. 
The presence of resonances at δH 1.4 ppm corresponding to the aliphatic side chains of the PLL units in 
the P(LL-rDOPA) block indicates that the cross-linking density is low, which was expected given that 
there is only 10% of DOPA randomly distributed throughout the P(LL-r-DOPA) block. Therefore, in 
order to confirm cross-linking, the solution was acidified to pH 3. If the cross-linking was successful it 
should prevent the vesicle from reversing its configuration upon going from pH 12 to 3. 1H NMR 
spectroscopic analysis of the cross-linked vesicle at pH 3 (Figure 6C) revealed a broadening of the 
resonance at δH 4.4 ppm (corresponding to the methine protons along the block copolymers backbone) 
compared to the ellipsoidal self-assembly object formed at pH 3 before cross-linking (dotted rectangle, 
Figure 6D). This indicates that the cross-linking successfully locks the P(LL-r-DOPA) block inside the 
internal layer of the shell, preventing it from fully adopting random coil conformation and becoming the 
solvated outer shell. Furthermore, the reduction of intensity of the PLL aliphatic side chain resonances 
at δH 1.3, 1.6 and 2.9 ppm (asterisks, Figure 6C) relative to the PLGA side chain resonances at δH 2.2 
and 2.6 ppm, resulting from reduced segmental mobility,31,32 also indicates that the P(LL-r-DOPA) has a 
more rigid structure after cross-linking. Therefore, it is proposed that when the cross-linked vesicle was 
acidified to pH 3 the PLGA block adopts an α-helix conformation that collapses onto the P(LL-r-
DOPA) inner layer instead of reversing its configuration to form the internal layer of the shell. 
However, as a result of the low cross-linking density, some of the loosely cross-linked PLL linear 
segments maybe able to protrude into solution between gaps left by the PLGA outer shell.  
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Figure 6. 1H NMR spectra of the PLGA-b-P(LL-r-DOPA) self-assemblies at pH 12 (A) before and (B) 
after in situ cross-linking, and at pH 3 (C) after and (D) before cross-linking; D2O was used as the 
solvent, containing 3-(trimethylsilyl)propionic-2,2,3,3-d4 sodium salt as an internal standard. The dotted 
rectangle and asterisks show the reduction in the intensity of the P(LL-r-DOPA) backbone methine 
proton and aliphatic side methylene proton resonances, respectively, as a result of cross-linking. 
 
Although no changes were observed from 1H NMR spectroscopic analysis of the vesicle before and 
after cross-linking at pH 12, DLS analysis revealed a reduction in the dH from 544 nm before cross-
linking (Figure 3B) to 479 nm after (Figure 7A). A further reduction in size to 188 nm was also noted 
when the pH was adjusted to 3 (Figure 7B). The autocorrelation functions (Figure 7) for pH 12 shows  
an order of magnitude slower decay time than pH 3 (note the log scale), which confirmed the presence 
of larger aggregates. However, the extended baseline observed for pH 3 also reveals that larger 
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aggregates or polydisperse aggregates are present at this pH.  
 
 
Figure 7. DLS results showing the dH and the corresponding correlation functions of cross-linked 
PLGA-b-P(LL-r-DOPA) block copolymers at (A) pH 12 (dH = 239 nm), which was then acidified to (B) 
pH 3 (dH = 188 nm).  
 
From the TEM and AFM images (Figure 8A and B) of the cross-linked vesicles at pH 12 it is evident 
that the cross-linking has an effect upon the morphology of the vesicle, with a change from spherical to 
irregular. Whereas TEM images revealed diameters of ca. 180 nm, AFM showed a distribution of sizes 
with the one shown in Figure 8B having a diameter of ca. 265 nm across the red line. In addition, z-
profile analysis revealed less pronounced bimodal height profiles, corresponding to partially collapsed 
vesicles. Therefore, it is proposed that initially at pH 12 vesicles are formed, but the in situ cross-linking 
causes the majority of the vesicles to collapse in upon themselves to form cross-linked vesicle (Figure 
8C).  
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Figure 8. (A) TEM image and (B) AFM image with z-profile analysis of the cross-linked vesicle from 
PLGA-b-P(LL-r-DOPA) block copolymers self-assembly at pH 12. The solution was cast onto a glass-
slide coated with PEI and the AFM images were recorded in tapping mode. (C) The proposed structure 
of the cross-linked vesicle at pH 12.  
 
Upon acidification to pH 3, TEM and AFM images revealed that the cross-linked vesicles adopt a 
spherical morphology with sizes ranging from 35-100 nm (TEM) and ca. 150 nm (AFM) (Figure 9A 
and B, respectively), rather than the ellipsoidal-shaped aggregates previously observed without cross-
linking at pH 3 (Figure 4). Cryo-TEM also confirmed the spherical self-assemblies after cross-linking 
with sizes of ca. 200-250 nm (Figure 9C), significantly bigger than the sizes obtained from TEM and 
AFM, although very similar to those obtained via DLS (Figure 7A). This is expected since Cryo-TEM 
and DLS measure the particle size distribution in their solvated state, whereas TEM and AFM 
measurements are in the dried state, which would have caused the particles to shrink and collapse; a 
common observation for vesicles.21,36,37 The differences in morphology are good evidence that the in situ 
cross-linking was successful; as expected the cross-linking stabilizes the self-assembly, leading to a 
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more rigid structure that can not undergo configuration reversal upon change in pH. The reduction in 
size of the cross-linked vesicle noted from the Cryo-TEM images and DLS analysis upon going from 
pH 12 to 3 indicates that the PLGA outer shell now adopts an α-helix conformation that shrinks or 
collapses onto the P(LL-r-DOPA) inner shell layer and any loosely cross-linked PLL segments could 
protrude through gaps in the shell (Figure 9D), as hypothesized from the 1H NMR results (Figure 6C). 
  
 
Figure 9. (A) TEM image, (B) AFM image with z-profile analysis and (C) Cryo-TEM of the cross-
linked PLGA-b-P(LL-r-DOPA) vesicle acidified to pH 3. The self-assembly solution was cast onto a 
glass-slide coated with PEI and the AFM images were recorded in tapping mode. (D) The proposed 
structure of the cross-linked self-assembly at pH 3.  
 
Static Light Scattering (SLS) Analysis. To further confirm the morphology of the self assembly at 
both pH 12 and 3, before and after cross-linking, static light scattering (SLS) measurements were 
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carried out. For small sized particles (qR < 1, where q =  scattering vector and R is the aggregate 
radius), the Radius of Gyration RG can be calculated from a Zimm plot or Guinier approximation. When 
the ratio of RG/RH is close to unity it indicates that a hollow particle (vesicle) is present, as opposed to a 
value of 0.77, which corresponds to a solid sphere or micelle.38,39 However, in this case the qR values are 
greater than 1, and RG cannot be easily measured. 
Instead we measure of the intensity as a function of scattering angle, and fit with mathematical models 
for both spherical hollow spheres (vesicles) and solid spheres (micelles), in order to confirm whether or 
not the self-assemblies truly are vesicles.40 The scattering factor, P(q), for hollow spheres with a shell of 
thickness t can be expressed as follows: 
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Where R is the average radius, Ro = R + t/2 is the outer radius, Ri = R – t/2 is the inner radius and j1(x) 
is the first-order spherical Bessel function given by:  
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As a comparison, a solid sphere model (as would be the case for a micelle) is also used: 
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The models are implemented in Matlab. To take into account polydispersity, fits are carried out for a 
Schultz distribution of particle sizes, characterized by a mean radius, R, and a polydispersity, σ. The 
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analysis and fitting methods are described in previous publications.41,42 
 
Figure 10. Scattered intensity correlation as a function of the angle of incident light (degrees) for the 
self-assembly at pH 12 before and after cross-linking. The lines correspond to the fits generated using 
the hollow sphere (vesicle) model (red) and solid sphere (micelle) model (black). 
 
For the block copolymer self-assemblies formed at pH 12, Figure 10 shows the graph of intensity as a 
function of the angle of incident light before and after cross-linking. The two sets of data display a very 
similar trend, although the data after cross-linking (blue) is less reliable at higher angles, as shown by 
the greater variation in the data. The best fit for the sample without cross linking using the hollow 
sphere with a Schultz distribution of particles (equation 1; red line in Figure 10) is in reasonable 
agreement with the data, yielding a diameter of d = 578 nm and a polydispersity of σ=32 %, which 
matches well with the DLS data. However, it is found that the model is insensitive to the thickness of 
the shell (any value between 1 and 30 nm gives an equivalent fit), so no comment can be made about the 
shell thickness. By comparison, no good fit could be obtained using the solid sphere model. To illustrate 
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this, the curve for the solid sphere model with the same parameters (d = 578 nm and σ = 32%) is shown 
for comparison (equation 3; black line in Figure 10). This provides strong evidence that the particles are 
vesicles rather than micelles, though we can say nothing about the shell thickness. No reasonable fit was 
possible for the cross-linked particles at pH 12 using either model. 
 
 
Figure 11. Scattered intensity as a function of the angle of incident light (degree) for vesicles at pH 3 
before and after cross-linking. The lines correspond to the fits generated using the hollow sphere 
(vesicle) model (red) and solid sphere (micelle) model (black) for cross-linked self-assemblies at pH 3. 
The scattered intensity as a function of the angle of incident light before and after cross-linking at pH 
3 shown in Figure 11 displayed very different behaviour. Before cross-linking (yellow triangles) the 
graph displays an almost linear profile as a result of the non-spherical, ellipsoidal shape, which is also 
evident from the TEM and AFM images (Figure 4); therefore, neither model suitably fits this data. 
However, the cross-linked self-assembly at pH 3 fits well with the hollow sphere model (red line) and 
the diameter obtained from this model is d = 250 nm, with a polydisperisity of σ = 18 %. Again, the fit 
is insensitive to the thickness of the shell, with values ranging from 1 to 30 nm giving a reasonable fit. 
Nevertheless, it is evident that the vesicle model fits much better with the experimentally measured data 
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than the solid sphere model (black line), even though the thickness of the shell cannot be accurately 
determined. 
 
CONCLUSIONS 
The stabilization of vesicles via in situ cross-linking of phenolic moieties has been demonstrated. At 
basic pH the PLGA65-b-P(LL-r-DOPA)75 block copolymers formed vesicles as determined from SLS, 
DLS, AFM and TEM. 1H NMR spectroscopic analysis at pH 12 revealed that the PLGA block formed 
the solvated shell, whereas the P(LL-r-DOPA) block formed the inner layer of the vesicles shell. 
Stabilization of the vesicles was achieved using oxygen to oxidize the DOPA phenolic side groups into 
quinonic intermediates, which facilitate intermolecular covalent cross-linking between polymer chains 
within the internal layer of the vesicles’ shell. The resulting cross-linked vesicles were capable of 
maintaining their structure even when the pH was reduced to 3, whereas uncross-linked vesicles 
underwent reversible changes of their configuration to form ellipsoidal aggregates. These results 
demonstrate that oxygen-mediated in situ phenolic oxidation and cross-linking provides a facile and 
environmentally ‘green’ approach to the stabilization of reversible vesicles. 
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